Electrical impedance tomography (EIT) is a useful noninvasive tool for monitoring ventilation finding its way into the clinical setting. The focus of this review is to discuss the balance between the potential for EIT as a clinical monitor accepting a level of uncertainty and the scientific demand for absolute perfection.
INTRODUCTION
One of the main problems in the treatment of patients with acute respiratory failure is that the lung condition almost always is inhomogeneous and that recruitment and overdistension are likely to occur simultaneously during ventilator treatment. The most common inhomogeneity is along the gravitational axis which has been extensively studied using computed tomography (CT), magnetic resonance and isotope methods. However, these methods are not monitoring techniques that can be used to follow the progress of the disease at the bedside. Since more than a decade electrical impedance tomography (EIT) has been developed and this technique is now available for clinical use [1] [2] [3] . EIT is a radiation-free, continuous monitoring technique with medium spatial resolution and a very high temporal resolution which make it suitable for monitoring regional ventilation on a breath-by-breath basis and provide immediate information of the effect of changes in ventilator settings. So far EIT research has been focused on the representativity of the impedance variations as a measure of ventilation volume, both global, regional as well as the absolute variations following lung recruitment and application of positive endexpiratory pressure (PEEP). The focus of this review is to discuss the balance between the potential for EIT to be used as a clinical monitor accepting a level of uncertainty and the scientific demand for absolute perfection [4] . applied around the thorax. Current application and voltage measurement are performed in a rotating manner resulting in an update of the image up to 50 times a second. The tidal impedance changes are closely correlated to the tidal volume. The changes in pulmonary blood volume related to the breathing cycle have little impact and cannot explain the impedance variations, as the difference in resistivity of blood and lung tissue is small compared to gas which is working as an insulator. Thus, the variations in impedance related to the tidal volume are probably explained by the fact that the gas, which is a non-conductor, stretches the lung tissue like multiple strain gauges with simultaneous elongation and decrease of the cross-sectional area of the tissue. This results in an increase in impedance, which is proportional to the elongation and inversely proportional to the cross-sectional area. This is a simplified description of the working principle of EIT, which has been confirmed in a number of studies, in which changes in regional impedance are closely correlated with regional ventilation measured by CT [7] [8] [9] , electron beam CT [10] , single-proton emission CT [11] , and radionuclide scanning [12] . Global impedance changes have also been shown to be linearly correlated to tidal volume [13, 14] and to tidal super syringe volume measurements and tidal ventilation [15, 16] , and strain gauge plethysmography [17] . Apart from the Adler study comparing gas volumes and impedance changes, measurements of absolute changes in end-expiratory lung volume by inert gas washout/ wash-in technique and impedance tomography showed a close correlation (r 2 ¼ 0.95) [18] .
Interestingly, these results were partially contradicted by Bikker et al. [19] who only observed a moderate correlation (r 2 ¼ 0.62) between changes in end-expiratory lung volume measured by EIT and multi-breath wash-in/washout technique. The proposed explanation for this was that the measurement field for the EIT electrodes only covered a part of the total lung area and that there could be inhomogeneities in the cranio-caudal direction. But this explanation implies that the excellent correlation in the study by Hinz et al. [18] was obtained because these patients were less ill, with more homogeneous ventilation also in the cranio-caudal direction. But the real explanation was presented in an elegant study by the same group, using EIT monitored at two thoracic levels [20 && ] ( Fig. 1 ). They showed that the gravitational ventilation distribution was different in the cranial and caudal monitoring region, which is only partly explained by a more prominent collapse of the dependent lung close to the diaphragm. They demonstrated that the caudal electrode belt, which was placed at the 6th or 7th intercostal space, was so low, that when decreasing PEEP from 15 to 0 cmH 2 O, the diaphragm entered the measurement field of the EIT, changing the amount of lung tissue within the field. In the single-level EIT study [19] , the belt was placed in the same way as the caudal belt of the bilevel EIT study. Thus the diaphragm could enter the EIT measurement field and inadvertently change the ratio between impedance change (DZ) and tidal volume. Such a change in DZ/ml tidal volume will result in erroneous determination of lung volume change (DEELV) if unrecognized, as it is not related to collapse of lung tissue but rather to change in the size Note that during the decremental PEEP trial there is a decreased aeration of the most dependent parts of the lung especially in the caudal monitoring region, but there is also at a mid lung level a decreasing aeration due to the intrusion of the diaphragm into the measurement field. This phenomenon will lead to a decrease in the ratio of impedance change to ml of ventilation ((DZ/ml) without actually being a result of lung collapse. EIT, electrical impedance tomography; PEEP, positive end-expiratory pressure. Reproduced with permission from [20 && ].
of the lung measurement field caused by changes in diaphragmatic position. This will have a significant impact on the calculation of the end-expiratory volume change by EIT. A changing DZ/ml ratio following PEEP alteration is a sign of gas moving into the measurement field when the ratio increases, and out of the field when the ratio is decreasing, that is a change of ventilation distribution in the cranio-caudal direction.
In a recent study [21 & ] a spirometric determination of DEELV by calculation of the cumulative inspiratory-expiratory tidal volume difference after a PEEP change was first validated in a water lung model with excellent correlation (R 2 ¼ 0.99) and minimal bias. In a second step EIT determination of DEELV was compared with the spirometric method in 12 patients with acute respiratory failure and found to be closely correlated (R 2 ¼ 0.92), mean bias 50 ml, limits of agreement 131 and -31 ml. In the study the conversion of impedance changes to ml was performed using the average of DZ/ml of successive PEEP levels, which minimizes the impact on the measurements of diaphragmatic position changes. Thus, changes in the DZ/ml ratio may be a problem, when determining changes in EELV induced by PEEP steps, but if taken into account, it is a useful index of cranio-caudal gas distribution changes.
To make any monitor easy to use and displayed data easy to interpret it is of great importance to adapt it for clinical use. A first step in such an adaptation should be to exchange electrical units to physiological entities. Presently, to our knowledge, no other clinical monitor displays voltage, current or resistance to the clinician to figure out the corresponding clinically relevant parameter. As an example, the oesophageal echo-Doppler cardiac output monitor converts the electric signal representing descending aortic blood flow to estimated cardiac output in litres, even if aortic diameter is only estimated by an algorithm [22] . Aortic blood flow is then converted using an estimation of being 70% of cardiac output. In analogy with this, it is now high time to convert impedance changes (DZ) of the EIT monitor to ml (or estimated ml) by calibration versus tidal volume obtained from spirometric measurements from the ventilator. Such conversion of impedance changes to volume changes will simplify determination of changes in EELV and regional distribution of ventilation.
LUNG AREA DEFINITION
As clearly shown by Bikker et al. [2, 20 && ] there is a great need to determine the boundaries of the lungs and to exclude the cardiac area from measurements.
As it is highly unlikely that collapse occurs in middependent before dependent lung regions, it is also important to exclude a decrease in lung area caused by diaphragmatic intrusion from ventro-dorsal regions of interest. Identification of the dependent boundary is of special interest, as it is in that region that potentially recruitable lung tissue can be present. It therefore seems necessary to make an inflation of the lung to fairly high pressures (40-60 cmH 2 O) to identify the dependent boundary when the lung is fully open, in order to be able to quantify regional lung collapse. In the past years new automatic methods for identification of the lung area and exclusion of the heart area have been presented, which seem very promising [23 & ,24 & ].
SELECTION OF OPTIMAL POSITIVE END-EXPIRATORY PRESSURE AND TIDAL VOLUME SETTINGS
It has been widely discussed whether there is a distinct plateau pressure level under which the risk of baro/volutrauma is minimal [25] . Small tidal volumes have been shown to reduce mortality [26, 27] , but high PEEP strategy (15 cmH 2 O) has not resulted in improved outcome compared to a PEEP level approximately around 10 cmH 2 O [28, 29] even if the need for rescue therapy was significantly reduced in the high PEEP groups. There are indications that the lack of significant differences in the high versus low PEEP studies may be a result of not identifying responders and non-responders to high PEEP [29] . High PEEP in patients that do not need it may lead to increased overdistension with baro/ volutrauma and low PEEP in patients in need for high PEEP will lead to atelectotrauma. In none of these studies did they have the possibility to assess regional ventilation and one can only speculate what the results would have been if EIT monitoring was available at that time. Recruitment, that is opening of closed alveoli, will normally occur in dependent regions during the first part of inspiration and overdistension during the later parts of the inspiration in non-dependent regions (Fig. 2) . CT and EIT studies have shown that increasing PEEP results in an increased endexpiratory lung volume, which is mainly distributed to non-dependent regions [30,31 & ]. Increased endexpiratory lung volume also constitutes a preinspiratory inflation of non-dependent lung regions. When inspiration starts, the non-dependent parts of the lung will receive most of the gas flow, but as these regions already have been inflated by increased PEEP, they will, successively during inspiration, get filled until the alveoli are stretched to their structural limit, which means that the regional compliance will successively decrease. When compliance during the inspiration becomes lower in the non-dependent region than in more dependent regions inflation will be distributed more to these lower regions. Thus, any inflation of the lung, whether it is during a normal tidal inflation or occurring when increasing PEEP, will result in a redistribution of gas from non-dependent to dependent regions [30,31 & ,32].
INDICES FOR REGIONAL VENTILATION DISTRIBUTION
In the past years a number of indices have been developed to try to quantify regional ventilation distribution using EIT.
Applying a non-dependent and a dependent region of interest (ROI) and quantifying the regional distribution of tidal ventilation during a PEEP trial, it was shown that the centre of gravity (COG) could be used for determining both recruitment and collapse [33] . However, the COG index cannot be expected to give an indication of at which PEEP level and tidal volume the optimal balance between hyperdistension and cyclic opening and closing occurs.
Costa et al. [34] presented an algorithm for identification of recruitable collapsed and overdistended lung by combining functional EIT and airway pressure for determination of pixel compliance. Identification of recruitable lung was better correlated to CT imaging than was the case with hyperdistension.
Using lung area estimation, which eliminates the cardiac region from analyses, Zhao et al. [35 && ] showed that calculation of regional inhomogeneity of tidal ventilation as a single global index, global inhomogeneity index, optimal PEEP could be identified as the PEEP level with the lowest global inhomogeneity index value. In a recent study the same group validated the global inhomogeneity index versus volume-dependent compliance by the SLICE method [36] and dynamic compliance [37] . There was a good correlation with global inhomogeneity index compared to both these methods. In both studies volume control ventilation was used and it remains to be investigated if global inhomogeneity index can be used successfully also during pressure control ventilation (Fig. 3) .
In 2008 Wrigge et al. [8] analysed when inflation started during a slow inflation procedure in four quadrants and found that the dorsal quadrants were delayed in comparison to non-dependent quadrants. This regional ventilation delay (RVD) index showed an excellent correlation versus CT-derived tidal recruitment. The RVD index has been further improved displaying a time-coloured EIT image in which the localization of start of ventilation can be and dorsal (D) regional impedance curves. Vertical dashed lines transfer iso-volume time points from the global to the regional impedance curves, which enables calculation of regional fractional distribution of the eight iso-volume parts. (c) Fractional regional gas distribution during inspiration (sequential ITV 1-8).
identified pixel by pixel [38] . The RVD index cannot be expected to indicate where the optimal balance between overdistension and cyclic opening and collapse of lung tissue occurs, but will probably show that the delay will continue to decrease with increasing airway pressure. This method has not been applied during tidal ventilation, which possibly could give information on both optimal PEEP and protective tidal volume settings.
Utilizing the high temporal resolution of EIT, Lowhagen et al. [31 & ] presented a method for regional intratidal gas distribution (ITV) in which global inspiration was divided into eight sequential parts with equal volume and the fractional regional volume of four ventro-dorsal regions was calculated ( Fig. 4 ). Using ITV in volume control ventilation during a decremental PEEP trial in patients with acute lung injury a general pattern of intratidal gas distribution from non-dependent to dependent regions could be observed as airway pressure increased during the inspiration. Thus, during tidal inspiration the redistribution of gas followed the same pattern as was seen when increasing PEEP. The individual pattern of intratidal gas distribution varied greatly between patients. Patients who responded with the largest increase in dynamic compliance and oxygenation when increasing PEEP, also showed the most marked intratidal redistribution of gas from non-dependent to dependent regions already at baseline PEEP (Fig. 5 ), whereas those responding less, or not at all in terms of improvement in compliance and oxygenation, showed little intratidal redistribution at baseline. In one patient, the ventral ventilation actually increased and mid-dorsal ventilation decreased during inspiration, thus redistributing gas from regions with poor end-expiratory aeration to areas already well ventilated successively during inspiration. Such a pattern with successively increasing non-dependent gas distribution may well indicate hyperdistension. The possibility to identify patients who will respond to increase in PEEP during ongoing therapeutic ventilation is an advantage as no special procedure, such as a PEEP trial or a slow inflation, is needed. Also, the method seems to be able to identify both cyclic opening and closing as well as overdistension ( Fig. 4 ).
CONCLUSION
EIT monitoring has reached a level of maturity, and the correlation between impedance changes globally and regionally is now so well documented that EIT monitors should have the possibility for the user to convert impedance changes to millilitres of volume by calibration versus spirometry data.
Already now, EIT is a useful clinical monitor, but the interpretation of displayed data for selection of ventilator settings resulting in minimal overdistension and collapse demands a fairly deep understanding and there is still a need for an index to guide the clinician. A number of methods and indexes have At baseline there is a continuous increase in mid-dorsal gas distribution indicating that an increase in PEEP should lead to middorsal recruitment. Simultaneous decrease in ventral gas distribution indicates that already at baseline, increasing airway pressure leads to overdistension of lung tissue. When PEEP is increased to 16 cmH 2 O (second panel from left) signs of overdistension appear also in the mid-ventral ROI, whereas there is further recruitment in the mid-dorsal region. During the decremental PEEP trial, gas distribution returns to baseline level. D, dorsal; MD, middorsal; MV, midventral; PEEP, positive end-expiratory pressure; ROI, region of interest; V, ventral.
been presented, but there is a great need for further evaluation of these to confirm, in acute lung injury and acute respiratory distress syndrome patients, that they can be used for protective ventilation settings.
